We present a prediction of the Dirac semimetal (DSM) phase in MgTa2N3 based on first-principles calculations and symmetry analysis. In this material, the Fermi level is located exactly at the Dirac point without additional Fermi surface pockets. The band inversion associated with the Dirac cone involves the d orbitals of two structurally inequivalent Ta atoms with octahedral and trigonal prismatic coordination spheres. We further show that the lattice symmetry breaking can realize topological phase transitions from the DSM phase to a triple nodal point semimetal, Weyl semimetal or topological insulator. The topologically protected surface states and the non-protected Fermi arc surface states are also studied.
Three-dimensional topological Dirac semimetals (DSMs) [1] [2] [3] are materials realizing a novel state of quantum matter described by the massless Dirac equation. The four-component Dirac spinor is composed of two two-component Weyl fermions of opposite chirality. Under magnetic field applied parallel to the electric field E B, charge is predicted to flow between the Weyl nodes resulting in negative magnetoresistance, a phenomenon known as the Adler-Bell-Jackiw anomaly 4 . Furthermore, the mirror anomaly 5 was predicted in DSMs. Although the degeneracy of the Dirac point (DP) is not protected in topological sense due to its zero net Chern number, it can still be protected by the space group symmetries, e.g. C 4v
3 , C 6v 2 and non-symmorphic symmetries 6, 7 , and therefore referred to as the symmetry-protected degeneracy.
Several materials realizing such symmetry-protected DSM phase have been proposed theoretically [1] [2] [3] [8] [9] [10] and confirmed experimentally 1, 11, 12 . Notable examples of DSMs are Na 3 Bi and Cd 3 As 2 with DPs protected by C 6v and C 4v rotation symmetries, respectively. However, Na 3 Bi oxidizes in air easily while arsenic is poisonous thus limiting applications of Cd 3 As 2 . Therefore, searching for new 3D DSMs that are stable at ambient conditions and are less toxic is of both fundamental and technological importance.
In this work, we report an investigation of a new predicted Dirac semimetal MgTa 2 N 3 . By means of firstprinciples calculations and symmetry analysis we address the electronic structure and topological properties of this material. We further reveal experimental signatures of the topological phase and show how different topological phase transitions can be attained by breaking crystalline symmetries.
The synthesis of MgTa 2 N 3 was reported by Brokamp and Jacobs in 1991 13 . The crystal structure of MgTa 2 N 3 belongs to space group P 6 3 /mcm with lattice constants a = 5.205 Å and c = 10.425 Å. It consists of alternating layers of Ta atoms with trigonal prismatic and octahedral coordination spheres (below referred to as tri-Ta and oct-Ta, respectively), similar to numerous ABX 2 layered oxides 14 (Figs. 1(a-c) ).
Our first-principles band-structure calculations are performed within the density functional theory framework using VASP (Vienna ab-initio simulation program) 16, 17 . The approach relies on all-electron projector augmented wave (PAW) basis sets 18 combined with the generalized gradient approximation (GGA) with exchange-correlation functional of Perdew, Burke and Ernzerhof (PBE) 19 and the Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional 20 . Both PBE and HSE06 calculations predict the existence of Dirac point degeneracies in the band structures when spin-orbit coupling (SOC) is taken into account. The PBE functional calculations, however, show the presence of an additional Fermi surface pocket at the M point that could be caused by the underestimated correlation effect. In the rest of the paper the Heyd-Scuseria-Ernzerhof (HSE06) 20 hybrid functional will be used to take into account the nonlocal potential. Detailed comparison of the results obtained using PBE and HSE06 functionals is presented in the Supplementary material 21 . The cutoff energy for the plane wave expansion was set to 500 eV and a k-point mesh of 8 × 8 × 6 was used in the bulk calculations. The WannierTools code 22 was used to investigate the topological properties and calculate the Landau levels (LLs) based on the maximal localized Wannier functions tightbinding model 23 that was constructed by using the Wannier90 package 24 with Ta 5d atomic orbitals as projectors. The surface state spectra are calculated using the iterative Green's function method 22, 25 .
The total and atom-projected density of states (DOS) calculated without taking into consideration the spinorbit coupling are shown in Fig. 1 HSE06 with SOC The band structure of MgTa 2 N 3 calculated without taking SOC into account is shown in Fig. 1(f) . The valence band maximum (VBM) and the conduction band minimum (CBM) are located at the Γ point. The VBM is composed of the d z 2 orbitals of tri-Ta atoms and belongs to the B 2u irreducible representation of the D 6h point group 26 . The CBM is mainly composed of the d xy and d x 2 −y 2 orbitals of oct-Ta atoms and belongs to the E 2g irreducible representation of D 6h
26 . The spin-orbit coupling splits the E 2g representation into E 5/2,g and E 3/2,g representations resulting in the separation of the 4-fold degenerate bands into pairs of 2-fold degenerate bands, eventually leading to band inversion between the E 5/2,u and E 3/2,g bands (see Fig. 1(g) ). Along the Γ−A direction, two bands close to the Fermi level belong to the E 3/2 and E 5/2 irreducible representations of the little group of C 6v 26 . According to the Schur's lemma the two bases belonging to two different irreducible representations are orthogonal to each other, hence the two bands cross without opening a gap resulting in a Dirac point band degeneracy. In MgTa 2 N 3 the two DPs are located at (0, 0, ±0.203 π c ).
From the DOS and symmetry analysis it follows that the two energy bands forming the Dirac cones, referred to as the E 3/2 and E 5/2 bands hereafter, are composed of atomic orbitals of either oct-Ta or tri-Ta atoms belonging to the two distinct layers in the crystal structure. The weights of the oct-Ta and tri-Ta d orbitals in the Dirac cone band in the k x − k z plane are shown in Fig. 2(a) . One can also see that the Dirac cone is anisotropic in the k x − k z plane according to the difference of the lattice constants a and c. In the k x direction, the weights are symmetrical as ρ n (k x , k y , k z ) = ρ n (−k x , k y , k z ), where ρ n (k) = α ψ nk |ϕ α ϕ α |ψ nk , ψ nk is the Bloch wave function and ϕ α is the d atomic orbital of tri-Ta or octTa atoms. Along the k z direction, the weight is larger for tri-Ta d orbitals close to the Γ point in the upper half of the conical intersection, while the opposite is true in the lower cone. It is worth mentioning that larger weights 
composing the Dirac cone states. The first row is the little group at the Γ point which is the supergroup of group in the second row. E 1/2 , E 3/2 and E 5/2 are two-dimensional representations, while all others are one-dimensional representations. Red color indicates the entries containing inversion symmetry.
of tri-Ta orbitals are due to the fact there three times as many tri-Ta atoms than the oct-Ta atoms in the crystal structure of MgTa 2 N 3 . Figure 2 (b) shows the weighted Landau levels (LLs) formed from the energy bands upon applying magnetic field along the c axis. It is known that the two zeroth LLs could lead to the chiral anomaly. The upward and downward parabolic curves are mostly associated with the atomic orbitals of oct-Ta and tri-Ta, respectively. The LLs provide a way of studying the layer-resolved features.
Since the crystal symmetries protect the Dirac points in MgTa 2 N 3 , it is important to address possible topological phase transitions realized upon breaking these symmetries. Here, we consider breaking only the spatial symmetries while preserving the time-reversal symmetry. One qualitative approach to this question consists in studying the compatibility relationships of the two irreducible representations E 3/2 and E 5/2 when deducing the little group C 6v of the DP. The corresponding subduction table 26 is shown in Table I . From this table, we can divide the possible ways of symmetry breaking into two groups, with and without inversion symmetry. In presence of inversion symmetry all energy bands are doubly degenerate according to the Kramers theorem, hence only the DSM or topological insulator (TI) phases can be realized. Table I shows that C 3 and inversion symmetries are sufficient to protect the DP degeneracy. Breaking the C 3 symmetry results in the transition of DSM into the TI phase. Without inversion symmetry, the double degeneracy can be lifted by breaking the C 3 and mirror symmetries. We distinguish three types of symmetry breaking referred to as types A, B and C. Type-A symmetry breaking preserves the C 3 symmetry while breaking the vertical mirror σ v symmetry or the σ d symmetry, resulting in the C 3v group. The two-dimensional representation E 3/2 splits into two one-dimensional representations 1 E 3/2 and 2 E 3/2 , while E 5/2 changes into the twodimensional representation E 1/2 . Eventually, the DPs splits into two triple nodal points (TNPs) [27] [28] [29] [30] [31] [32] [33] . Type-B symmetry breaking preserves the C 3 symmetry while breaking all mirror symmetries σ v and σ d , thus resulting in the C 6 group or the C 3 group upon further breaking the C 2 symmetry. The two two-dimensional representations E 3/2 and E 5/2 split into four different onedimensional representations resulting in the separation of DPs into four symmetry-protected Weyl points. Type-C symmetry breaking eliminates the C 3 symmetry resulting in the C 2v group or the C s (C 2 ) group upon further breaking the C 2 (σ v ) symmetry. Here, the E 3/2 and E 5/2 representations split into the same representations, leading to the strong TI phase. It is worth mentioning that C 3 symmetry is not sufficient for protecting a DP, and the presence of inversion or six vertical mirror symmetries is required. This is at odds with the conclusion of Ref. 2 where it is claimed that the C 3 symmetry is sufficient to protect the DPs.
In order to get a quantitative insight, we build a universal 4 × 4 k · p model for the point groups in the first row of Table I . Here, we only list matrix elements up to quadratic term in the diagonal matrix elements and up to linear term of k z in the off-diagonal matrix elements
where
are the linear combinations of k + and k − , and
is the condition of band inversion along the Γ−A direction. The details of construction can be found in the Supplementary material 21 .Under the D 6h or C 6v groups that preserve the C 3 , σ v and σ d symmetries, all linear terms of k z vanish as
). For the type-A symmetry breaking, only B 1 (k z ) = Bk z or B 2 (k z ) = Bk z are present, resulting in two pairs of TNPs at k T N P s = ±(0, 0,
). For the type-B symmetry breaking, only B 1 (k z ) = Bk z and B 1 (k z ) = B k z are present. There are four pairs of WPs located at k W P s = ±(0, 0,
) with B 0 = B ± B. For the type-C symmetry breaking, the coupling terms between the two bands forming the Dirac cone are D 1 (k z ) = D 2 (k z ) = Dk z , which leads to a finite effective mass and results in the Hamiltonian characteristic of a strong TI phase.
We now address the topological properties of MgTa 2 N 3 . The evolution of hybrid Wannier charge cen- ters (WCCs) 22, 34, 35 in the time-reversal invariant planes k z = 0 and k z = π/c is shown in Figs. 3(a) and 3(b) , respectively. The corresponding Z 2 numbers are 1 and 0, indicating that band inversion between E 3/2 and E 5/2 bands along the Γ − A direction is topologically nontrivial. The non-trivial Z 2 number at k z = 0 plane is expected to result in one surface Dirac cone at thē Γ point on the side surfaces, e.g. the (010) surface shown in Fig. 3(c) . The space group of the (010) surface is P ma2 (No. 28), whose generators are the twofold rotation C 2y with axis along the y direction and the G x = {σ x |(0, 0, 1/2)} glide symmetry. The latter symmetry leads to the hourglass surface states (SSs) 36-39 along theΓ −Ā direction. The calculated momentum-resolved surface density of states along the high-symmetry line in the 2D BZ is shown in Fig. 3(e) . The hourglass dispersion of the SSs is shown in the inset of Fig. 3(f) , while Fig. 3(g) shows the iso-energy plot of the SS spectrum at the Fermi energy E − E F = 0. One can observe the following two features: first, the presence of a long Fermi arc linking the two DPs; and second, the double degeneracy of bands at the 2D BZ boundary due to the glide symmetry G x .
The DPs discussed here could be considered as the combination of two WPs with opposite chirality. According to the linking rules the Fermi arc surface state should connect WPs of different chirality, hence in a DSM the Fermi arc could originate and terminate at the same DP or link together two different DPs. However, such Fermi arcs are not topologically protected as discussed in Refs. 10, 40, and 41. The degeneracy can be lifted along theΓ −Ā direction if the corresponding term is present, and our symmetry analysis (see Supplementary material 21 ) shows that such term naturally exists for the side surface of MgTa 2 N 3 . The observed splitting is shown in Fig. 3(f) . In order to observe the "unprotected" Fermi arc states we plot the iso-energy surface-state spectrum at E − E F = 0.05 (Fig. 3 (h) ). Fig. 3 (i) provides the details of the surface states that reveal a "candlelight" shaped Fermi arcs that originate and terminate at the same Fermi pocket. The lack of connection between the "candlelight" Fermi arcs and other states is shown in Fig. 3(j) , which covers the momentum range indicated by the cyan box in Fig. 3(h) . In summary, based on first-principles calculations and effective model analysis we predicted an ideal Dirac semimetal phase in MgTa 2 Ta 3 , a material that has been synthesized previously. The Dirac cone band degeneracies are composed of two atomic d orbitals originating from two distinct layers of Ta atoms with different coordination. We then analyzed possible topological phase transitions that can be realized by breaking lattice symmetries. It was found that the Dirac semimetal phase can be transformed into a number of distinct topological phases, namely the triple nodal point metal, Weyl semimetal, strong topological insulator, without breaking the time-reversal symmetry. In practice, such symmetry breaking can be realized by strain along different directions or alloying. The topologically protected surface states as well as the Fermi arcs lacking such protection were studied in detail. We point out that the "candlelight" shaped unprotected Fermi arcs can be detected in ARPES measurements.
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